We studied the role of testosterone, mediated by the androgen receptor (AR), in modulating temporal order memory for visual objects. For this purpose, we used male mice lacking AR specifically in the nervous system. Control and mutant males were gonadectomized at adulthood and supplemented with equivalent amounts of testosterone in order to normalize their hormonal levels. We found that neural AR deletion selectively impaired the processing of temporal information for visual objects, without affecting classical object recognition or anxiety-like behavior and circulating corticosterone levels, which remained similar to those in control males. Thus, mutant males were unable to discriminate between the most recently seen object and previously seen objects, whereas their control littermates showed more interest in exploring previously seen objects. Because the hippocampal CA1 area has been associated with temporal memory for visual objects, we investigated whether neural AR deletion altered the functionality of this region. Electrophysiological analysis showed that neural AR deletion affected basal glutamate synaptic transmission and decreased the magnitude of N-methyl-D-aspartate receptor (NMDAR) activation and high-frequency stimulation-induced long-term potentiation. The impairment of NMDAR function was not due to changes in protein levels of receptor. These results provide the first evidence for the modulation of temporal processing of information for visual objects by androgens, via AR activation, possibly through regulation of NMDAR signaling in the CA1 area in male mice.
Introduction
Several evidences strongly suggest that testosterone plays a neuromodulatory role in cognitive functions [1, 2] . In humans, hypogonadism affecting young adults, chemically castrated individuals or older men [3] [4] [5] [6] is associated with spatial, visual, verbal and episodic memory defects [4, [7] [8] [9] . In rodents, performances in spatial learning and memory abilities such as object recognition, fear conditioning and spatial memory tasks are decreased by castration and restored by testosterone replacement [10] [11] [12] [13] . In this context, no studies addressed a potential modulation by testosterone of temporal processing of information. Temporal processing of information is the ability to remember the order in which items or events have been experienced. This component of episodic memory is impaired in neurodegenerative diseases, such as Alzheimer's disease [14] . Patients with relatively selective hippocampal damage have impaired temporal order memory for visual objects, linguistic information and spatial locations [15, 16] . The perirhinal and prefrontal cortices and the hippocampus are required for the processing of temporal order information [17] [18] [19] [20] . The components of this neural system function in a cooperative way to retrieve the information required for long-term temporal order memory, whereas the hippocampus alone plays a major role in short and intermediate-term memory processes [17, 18, 21] . In particular, the integrity of the Cornu Ammonis (CA) 1 area is required for the expression of temporal memory for sequential non-spatial events, such as visual objects [22, 23] .
In the male nervous system, testosterone can act directly or through its non-aromatizable metabolite, dihydrotestosterone, to activate the androgen receptor (AR). Testosterone can also be locally aromatized into estradiol, which then stimulates estrogen receptors. Estrogen-mediated regulation of cognitive behavior and synaptic plasticity has been largely reported in male rats. Intra hippocampal injection of estradiol enhanced memory in a spatial water maze task, possibly through an interaction with muscarinic cholinergic systems [24] . Acute treatments using estrogens, estrogen receptor agonist or selective estrogen receptor modulators were shown to facilitate long-term potentiation (LTP) in adult hippocampal slices [25] , affect the number and shape of dendritic spines in CA1 pyramidal neurons [26] and decrease thorn density of hippocampal CA3 neurons [27] . Estradiol through both estrogen receptors α and ß (ERα and ERß) was also reported to regulate N-methyl-D-aspartate receptor-(NMDAR) mediated transmission and thus synaptic plasticity in the dentate gyrus of juvenile males [28] . In mice, ERß activation improved performance in hippocampus-dependent memory tasks, enhanced long-term potentiation in hippocampal slices of wild-type but not ERß knockout mice and increased dendritic branching and density of mushroom-type spines [29] . ERß knockout males also exhibited memory impairment in a hippocampus-mediated fear-conditioning paradigm [30] . Finally, activation of hippocampal ERα after learning impaired memory formation in contextual fear conditioning tasks [31] .
AR function has been investigated less thoroughly, although this receptor is known to be expressed in the cortex and hippocampus with a predominant distribution in CA regions [32, 33] . Studies based on gonadectomy and dihydrotestosterone supplementation or the use of androgen-insensitive rats carrying the testicular feminization mutation (Tfm) have suggested that the AR mediates the androgen-induced maintenance of normal spine synapse density in the CA1 area and prefrontal cortex [34, 35] . It modulates the functional properties of pyramidal cells in both the CA1 [36] and CA3 areas [37] and increases CA3 dendritic thorns in hippocampal slices [38] .
In this study, we investigated the role of androgens through the neural AR in temporal order memory for visual objects and in functional properties of the underlying hippocampal CA1 area. For this purpose, we used a mouse model lacking AR selectively in the nervous system [33] in order to analyze the effects of specific neural AR mutation on temporal order memory for visual objects, novel object recognition, anxiety-related behaviors and circulating levels of corticosterone. Electrophysiological studies were conducted to test the functionality of the CA1 area, where the protein amounts of glutamate receptors were also quantified.
Materials and Methods Animals
Three months-old males floxed for the AR and carrying (mutants, AR NesCre ) or not (controls, AR fl /Y) the Cre recombinase under the control of promoter and nervous system-specific enhancer of nestin (Nes) were obtained in a C57BL/6J genetic background as previously described [33, 39] . After weaning, control and mutant males obtained in the same litters were group-housed under a 12:12-h light-dark cycle and maintained at 22°C. They were fed with a standard diet with free access to food and water. The presence of the Cre transgene was determined by polymerase chain reaction analysis as previously described [33] . This work was performed in accordance with the French and European legal requirements (Decree 2010/63/UE) and was approved by the "Comité d'éthique en expérimentation animale" Charles Darwin N°5 (project number 01490-01). Euthanasia was carried by intra-peritoneal injection of pentobarbital (150-200 mg/kg).
Gonadectomy and treatment
Due to the altered negative feedback exerted by testosterone, mutant males exhibit higher hormonal levels compared to their control littermates [33] . Therefore, in order to normalize testosterone levels between control and mutant males, all males used in this study were subjected to gonadectomy under general anesthesia (xylazine 10 mg/kg / ketamine 100 mg/kg) and supplemented with subcutaneous Silastic1 tubes containing 10 mg of testosterone (SigmaAldrich). Males were subcutaneously injected with the analgesic buprenorphine (0.05 mg/kg) after surgery. Measurement of circulating levels of testosterone two-four weeks later showed similar amounts between control and mutant males (8.8 ± 0.31 ng/ml and 9 ± 1.8 ng/ml, respectively) as previously described [39] . Experiments were conducted between two and four weeks after gonadectomy and treatment.
Effects of AR
NesCre mutation on hippocampal AR and ERα amounts
Proteins (30 μg) were extracted from the hippocampus, separated on a 7.5% polyacrylamide gel and transferred onto nitrocellulose membranes as previously described [33] . The blots were probed overnight at 4°C with polyclonal rabbit (1/400 anti-AR #sc-816 and 1/400 anti-ERα #sc-542; Santa-Cruz Biotechnology) or monoclonal mouse antisera (1/10000 anti-glyceraldehyde 3-phosphate dehydrogenase gene (GAPDH) #sc-32233 from Santa-Cruz Biotechnology). They were then incubated with horseradish peroxidase-conjugated secondary anti-rabbit #111.035.144 or anti-mouse #115.035.062 antisera (1/5000, Jackson Immunoresearch). Signals were visualized with pico-(for GAPDH) and femto-(for AR and ERα) Super Signal detection kit (Thermo Scientific), quantified with ImageJ software (NIH) and normalized with respect to GAPDH. As we have previously shown by immunohistochemistry [33] , AR protein was detected in the hippocampus of control (AR fl /Y) males but not in their mutant (AR NesCre ) littermates ( Fig 1A) . By contrast, hippocampal ERα protein was present in both AR fl /Y and AR NesCre males (Fig 1B) . Quantification of ERα protein normalized to GAPDH showed similar amounts in the two genotypes ( Fig 1C) .
Behavioral tests
Tests were conducted during the second half of the light phase and videotaped for further analyses. All behaviors were scored blind to genotype. Object recognition tests. The object recognition task was conducted in a round green plastic arena (45 cm diameter) lined with sawdust. The task had three phases: habituation, familiarization and testing. The habituation phase consisted of two days during which the animals were exposed to the arena in the absence of objects (a first 30 min session and two daily 10 min sessions 3 h apart) and one day of habituation to objects in place in the arena to decrease neophobia. The familiarization phase consisted of three sessions during which mice were allowed to explore two objects (A-A, B-B, and C-C) for at least 15 seconds per object (Fig 2A) . An interval of 3 minutes was left between sessions. Ten minutes after the last session (objects C), the males were returned to the arena for a five-minute testing phase, in which they were placed in the presence of a copy of one object each from the first (A) and last (C) sessions. In the novelty detection task, the habituation and familiarization phases were as described above. By contrast, during the testing phase, mice were exposed to a familiar object (A) and a new object that they had not seen before (D) (Fig 2B) . Exploration was defined as the time spent exploring the object. We assessed the discrimination index (DI) between objects previously defined [40] as the absolute difference in the time spent exploring the novel (T N ) and the familiar objects (T F ) divided by the total time spent exploring the objects
Analysis of anxiety-related behavior. The elevated plus maze apparatus consisted of a gray plastic maze composed of two opposite open arms (30 cm length, 7 cm width, 67 cm height) and two opposite closed arms of the same size enclosed by 17 cm-high walls. The elevated zero maze apparatus consisted of a circular maze (56 cm diameter, 7 cm width, 67 cm height) divided in two closed arms interconnected by two open arms (44 cm length). Males were placed in the center of the elevated plus maze maze, between the two closed arms, facing an open arm, or in the closed arms for the elevated zero maze and were allowed to explore the maze freely for nine minutes. The latency to enter and the time spent in the open arms were analyzed. A mouse was considered in the open arm when the 4 paws were introduced. The intensity of light was 30 lux.
Corticosterone levels
One week after the end of behavioral tests, basal corticosterone levels were monitored by collecting blood from the tail vein into heparinized capillary tubes at 8-9 am and 6-7 pm. To avoid the effect of stress, the blood collection procedure was limited to 1 min. Blood was centrifuged at 2000 rpm for 15 min and the resulting plasma was frozen until the assay. Corticosterone levels were determined with a radioimmunoassay kit (MP Biomedicals).
Electrophysiology
A second group of mice was used to perform electrophysiological studies. Transverse hippocampal slices (400 μm) were used [41] . Basal synaptic transmission, supported by non-NMDAR activation, was investigated by extracellular recordings for the apical dendritic layer of the CA1 area, with micropipettes filled with 2 M NaCl. Presynaptic fiber volleys and field excitatory postsynaptic potentials were evoked at 10-second intervals, by electrical stimulation of the Schaffer collaterals. The averaged slope of three successive responses was determined with Win LTP software [42] and plotted against stimulus intensity (300 to 500 μA), to obtain input/output curves. The specific activation of NMDAR was assessed by recording potentials in slices perfused with low-Mg 2+ (0.1 mM) medium supplemented with the non-NMDAR antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulfonamide (10 μM). The paired-pulse facilitation of synaptic transmission was induced by the electrical stimulation of afferent fibers with paired pulses (inter-stimulus interval: 30 ms). Paired-pulse facilitation was assessed by dividing the slope of the second response by that of the first response. Long-term potentiation (LTP) of synaptic transmission was investigated in the hippocampal CA1 area following different paradigms of conditioning stimulation. First, theta-burst conditioning stimulation was induced after 15 minutes of baseline recording, consisting of trains of four pulses at 100 Hz, separated by 200 ms, this sequence being repeated four times, with an interval of 10 s between sequences. We also evaluated the effects of high-frequency stimulation consisting of two high frequency trains (100 Hz for 1 s) separated by a 20 s interval. Long-term depression (LTD) was assessed by low-frequency conditioning stimulation, at 2 Hz, for 10 min. In both LTP and LTD investigations, testing with a single test pulse was resumed for 60 min after the conditioning stimulus, to determine the level of synaptic plasticity.
Quantification of glutamate receptors in the CA1 region
Hippocampi were dissected to separate the CA1 area. Proteins (10-20 μg) were then extracted from the CA1 area, separated on a 7.5% polyacrylamide gel and transferred onto nitrocellulose membranes as previously described [43] . The blots were probed overnight at 4°C with polyclonal rabbit (1/1000 anti-GluN2A #07-632 and 1/1000 anti-GluR2 #AB1768; Millipore) or monoclonal mouse antisera (1/200 anti-GluR1 #04-855, 1/1000 anti-GluN2B #05-920 and 1/ 1000 anti-GluN1 #05-432 from Millipore; 1/5000 anti-ß-actin #A5441 from Sigma-Aldrich). They were then incubated with horseradish peroxidase-conjugated secondary anti-rabbit #111.035.144 or anti-mouse #115.035.062 antisera (1/5000, Jackson Immunoresearch). Signals were visualized with enhanced chemiluminescence detection kit for ß-actin (GE Healthcare) and Super Signal detection kit (Thermo Scientific) for the other proteins, quantified with ImageJ software (NIH) and normalized with respect to ß-actin.
Statistics
Values are presented as means ± S.E.M. Data were analyzed by one-way analysis of variance (ANOVA) for the effect of genotype, separate univariate t tests with 0 as the reference value for object recognition, and repeated-measures ANOVA followed by Tukey's post hoc tests for synaptic plasticity. The significance threshold was fixed at 5%.
Results

Temporal order memory and novelty detection tasks
The total time spent exploring the two objects did not differ significantly between the genotypes (16 ± 2 s versus 24 ± 4 s in the temporal memory task, and 26 ± 3 s versus 27 ± 3 s in the novelty task, for AR fl /Y and AR NesCre males, respectively). However, in the temporal order task for visual objects, AR fl /Y mice were more interested (p = 1.62.10 −5 ) in exploring object A than object C (Fig 2C) . This is consistent with previous findings showing that rats select the object that was presented earlier when faced with two objects in a similar paradigm of recency discrimination [18, 22, 44] . By contrast, AR NesCre mice did not discriminate between the objects presented. ANOVA revealed a significant main effect of genotype (F (1,15) = 6.55, p = 0.021). In the novelty detection task, analysis of mean scores showed that both AR fl /Y and AR NesCre males spent more time exploring the new object than the familiar object (p = 1.8.10 −6 and p = 0.003, respectively) as shown in Fig 2D. A one-way ANOVA revealed no effect of genotype (F (1,15) = 0.22, p = 0.65).
Anxiety-related behavior and corticosterone levels
We explored whether AR NesCre mutation altered anxiety-related behavior or regulation of the hypothalamic-pituitary-adrenal axis, thereby potentially affecting cognition. In the elevated plus maze, the latency to enter (F ( (Fig 3B) .
Basal corticosterone secretion followed a circadian rhythm, with low levels in the morning and higher levels in the evening (Fig 3C) , and no effect of genotype (F (1, 17) = 0.016; p = 0.90).
Together, these findings indicate that AR NesCre mutation selectively impairs the processing of temporal information for visual objects, without affecting the detection of new visual objects or anxiety-like behavior. As the CA1 area is involved in temporal memory for visual objects [22, 23] , we investigated whether AR NesCre mutation altered the functioning of this particular region.
Electrophysiological studies
Basal neurotransmission. A comparison of input/output curves showed that presynaptic fiber volleys were significantly lower in AR NesCre males, but only for the 500 μA stimulus, whereas field excitatory postsynaptic potentials were already significantly reduced at a lower stimulus intensity (Fig 4A and 4B) . AR NesCre mutation therefore affects basal glutamate synaptic transmission in the CA1 area through changes in the density and/or functional properties of postsynaptic non-NMDAR on pyramidal cells, but also through modifications in the presynaptic glutamate afferents when a strong activation was applied. By contrast, paired-pulse facilitation was not affected in AR NesCre animals (Fig 4C) indicating that neural AR deletion does not alter the mechanisms underlying glutamate release. Synaptic plasticity. In slices from both AR fl /Y and AR NesCre males, high-frequency stimulation induced a significant increase in field excitatory postsynaptic potentials slope (Fig 5A) , which persisted until the end of recording (stimulus effect, p = 0.001 and 0.03 for AR fl /Y and AR NesCre mice, respectively). However, the mean LTP magnitude determined for the last 15 minutes of recording, between 45 and 60 minutes after the conditioning stimulation, was significantly higher (p = 0.04) in control (45.3 ± 11.6%) than in mutant (16.2 ± 7.1%) males. No difference was found in the magnitude of synaptic plasticity between groups of mice when theta-burst conditioning stimulation-induced LTP (Fig 5B) and LTD ( Fig 5C) were considered. Because the expression of synaptic plasticity closely relies on NMDAR activation, changes in high-frequency stimulation-induced LTP suggest an effect of AR NesCre mutation on the activation of this subtype of glutamate receptors. NMDA receptor activation. In low-Mg 2+ medium in which non-NMDAR were blocked, a comparison of input/output curves showed that presynaptic fiber volleys were not affected in AR NesCre males whatever the stimulus intensity, whereas NMDAR-mediated field excitatory postsynaptic potentials were significantly reduced (Fig 6A) . Thus, the neural deletion of AR impacts NMDAR activation through changes affecting postsynaptic receptors located on pyramidal cells.
Quantification of glutamate receptors in the CA1 region
Analysis of the proteins extracted from the CA1 area showed that the levels of NMDA (GluN1, GluN2A and GluN2B) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subunits (GluR1 and GluR2) were similar (p > 0.05) in AR NesCre and AR fl /Y males (Fig 6B) . These results indicate that the altered NMDAR activation was not due to changes in receptor protein levels in the CA1 area. 
Discussion
We used the mouse line lacking the AR specifically in the nervous system [33] in order to analyze the effects of neural AR mutation on temporal order memory for visual objects and novel object recognition. Using this mouse line presents advantages over pharmacological studies and the Tfm model. Neural AR mutants, unlike Tfm animals, display normal development of the urogenital tract and have functional testes [33] . By contrast to gonadectomy and dihydrotestosterone supplementation, in the AR NesCre model both gonad androgens and neurosteroids are unable to activate the neural AR since AR gene is invalidated in the whole nervous system including the hippocampus ( [33] ; present study). Indeed, locally synthesized sex steroids have been reported to modulate hippocampal synaptic plasticity and healthy memory processes [45] . Furthermore, dihydrotestosterone does not exclusively activate the AR, as it can be metabolized to 5α-androstan-3ß, which binds estrogen receptors and triggers neural responses [46] . We found that AR NesCre males were unable to discriminate between the first and most recent object seen, despite a normal detection of visual object novelty. Whether this deficit is due to impaired consolidation for the earlier or last object seen [22, 47] needs further investigation. Previous studies reported a decrease in the exploration of new objects and increases in anxiety indices in androgen-insensitive mice carrying the testicular feminization mutation [48] . In our study, mutants displayed unchanged anxiety-related behavior and circadian secretion of glucocorticoids. Unlike AR conditional mutants, Tfm mutation results in cryptorchidic and azoospermic testes and low levels of circulating testosterone [49] . It is thus possible that decreased gonadal testosterone in Tfm mice results in reduced neural aromatization of testosterone into estradiol, thereby interfering also with the estrogenic regulation of these behaviors.
In gonadectomized and testosterone-supplemented AR NesCre males, the unchanged locomotor activity [33] , anxiety-related behavior and interest in new objects (present study) may be related to a normally functional estrogenic pathway. We have previously reported that the number of ER-immunoreactive neurons was either unaffected in the bed nucleus of stria terminalis and septum, or increased in the medial amygdala and medial preoptic area of AR NesCre males [33, 50] . The present data showing similar amounts of hippocampal ERα protein in control and mutant males support the hypothesis that the behavioral deficits induced by the AR NesCre mutation may not be caused by an indirect effect on estrogen receptors.
Given the specific role of the CA1 area in the temporal processing of visual objects and the high level of AR expression in this hippocampal region [32, 33] , we hypothesized that AR NesCre mutation may affect the processing of temporal information by altering synaptic activities in this hippocampal area. Electrophysiological analysis indicated that AR NesCre mutation impaired basal glutamate synaptic transmission and high-frequency stimulation-induced LTP expression, while sparing theta-burst conditioning stimulation-dependent LTP and LTD induction in the CA1 area. These effects are opposite to those recorded in the same region of young and adolescent rats with a pharmacological blockade of the AR during stimulation protocols [51] . Although these experimental conditions are far to be comparable, it is possible that the deficits characterized in our model result from early effects of the AR NesCre mutation during development and puberty, potentially accounting for this discrepancy. Exposure to gonadal testosterone during development and puberty is known to have long-term effects on the behavioral and physiological functions of the hippocampus [52, 53] . Interestingly, AR NesCre mutation triggers AR deletion by embryonic day 10.5, before gonadal differentiation and testosterone synthesis have occurred. Alternatively, AR NesCre mutation may also have late effects during adulthood, because the role of the hippocampal AR seems to increase in importance during adulthood [54] .
Our results indicate that neural AR deletion affected high-frequency stimulation-induced LTP driven by sustained NMDAR activation. This could underlie the defect of the temporal processing of visual objects in mutant males. Consistent with this hypothesis, NMDAR in CA1 pyramidal cells, the GluN1 subunits in particular, have been shown to play a critical role in the formation of temporal memory [17] . We found that the deficits of NMDAR activation occurred principally at the postsynaptic level, since the magnitude of the NMDAR-mediated field excitatory postsynaptic potentials were decreased whereas activation of presynaptic fiber volleys was not affected. The normal levels of protein for NMDAR subunits in the CA1 of AR NesCre males strongly suggest that the impaired activation of NMDAR is rather due to changes in the functional or pharmacological properties of the receptor, as reported for anabolic androgens [55] . It is important to note that neural AR deletion had differential effects on the expression of NMDAR-dependent synaptic plasticity depending on the strength of the presynaptic activation. Theta-burst conditioning stimulation-induced LTP or LTD was not affected in mutant mice probably because the low degree of NMDAR activation required for their expression could still be achieved after neural AR deletion. Alternately, compensatory mechanisms could occur to alleviate the altered NMDAR activation such as the involvement of calcium channels, as observed for example in physiological aging [56, 57] . On the contrary, the mutation could restrain the degree of sustained NMDAR activation induced by high-frequency stimulation or compensatory mechanisms could be saturated in this case, thus reducing the magnitude of the related LTP. Our results therefore suggest that testosterone may act through the AR to regulate the degree of synaptic plasticity within CA1 networks. The data presented here strongly suggest that the impaired temporal processing of information in mutant mice may be due to changes in glutamate transmission in the hippocampal CA1 area, although possible changes in the cortex cannot be ruled out [20] . The loss or down-regulation of neural AR may be detrimental to functions and behaviors implemented by these brain areas, thus constituting a risk factor. In humans, testosterone levels have been linked to performance in visual and episodic memory tasks, with hypogonadic and elderly men performing poorly in such tasks [8, 9, 58] . Age-related deficits have also been reported for temporal processes in rats [59] . However, variable effects have been reported for androgen replacement therapy in men [60] . A recent study showed that dihydrotestosterone supplementation in rats attenuated the increase in functional plasticity triggered by gonadectomy, for mossy fibers in the CA3 area [37] . This suggests that the androgen effects mediated by the AR may display regional specificity. This specificity, together with the extent of hippocampal damage, may underlie the variability of the effects reported for androgen replacement therapy in men.
In conclusion, we provide the first direct evidence that the neural AR is critical for the processing of temporal information for visual objects, possibly through the modulation of glutamatergic transmission in the hippocampal CA1 area. Our genetic model could be used to decipher neural AR mechanisms and open up new perspectives in the design of brain-selective AR modulators for use in the prevention or treatment of diseases associated with an impairment of temporal memory. A recent transcriptome meta-analysis revealing the key role of AR in Alzheimer's disease [61] highlights the relevance of such an approach.
